Neisseria rneningifidis is an important pathogen because it causes life-threatening infections. The rapid course of meningococcal disease and the capacity of some serogroups to cause large-scale epidemics necessitates the use of sensitive, reliable and rapid typing methods to characterise strains. Molecular typing techniques for N. meningifidis are used for epidemiological purposes to investigate outbreaks and the spread of organisms and to examine the population genetic structure of the organism to understand better its variation and evolution. Many investigators have employed molecular typing methods and shown that meningococcal disease is associated with a variety of different epidemiological patterns. The choice of a typing method is dependent upon the epidemiological questions to be answered and on the population genetics of the organism under investigation. With highly clonal populations comprising independent non-recombining lineages such as serogroup A meningococci, ribotyping, multilocus enzyme electrophoresis (MLEE), pulsed-field gel electrophoresis (PFGE), multilocus sequence typing (MLST), PCR with arbitrary primers (RAPD) or with other gene-based primers each provides a constant measure of the relationship between strains. A more restricted portfolio of molecular methods -PFGE, MLEE and MLSTis appropriate for the investigation of less clonal serogroup B and C meningococci from localised outbreaks. If a thorough evaluation of the overall population is sought to determine the relationship between new isolates and members of hyper-endemic clonal complexes then quantitative methods such as MLEE and MLST are necessary. Several PCR-based methods are used for the detection and typing of meningococcal strains, many requiring rigorous standardisation before they can be considered suitable for rapid and reliable differentiation between clones. This review examines strain characterisation by molecular techniques and non-culture-based subtyping of meningococci in clinical specimens. It assesses the importance of these techniques and examines the epidemiological questions that they answer and also their limitations.
Introduction
Neisseria meningitidis is an important cause of morbidity and mortality worldwide [ 1, 2] . It causes a broad spectrum of diseases that ranges fkom transient fever and bacteraemia to fulminant septicaemia and meningitis [3] . Thirteen serogroups are recognised. Only five -A, B, C and to a lesser extent Y and W-135 -are clinically important. Satisfactory control of disease by vaccination has not yet been achieved [4] .
Several typing methods that examine isolates for characteristics that permit discrimination below the species level have been devised. Such studies are done to enhance our understanding of meningococcal infections and improve our ability to design novel means of prophylaxis and treatment. Serogrouping based on capsular polysaccharides and serotyping based on outer-membrane proteins (OMPs) and lipo-oligosaccharides (LOSS) [5-81 are simple and relatively widely available. Phenotypic methods of typing N. meningitidis are detailed elsewhere [8-101. However, these phenotypic methods suffer from problems of antigenic variability, inability to subtype all isolates, poor expression or masking of surface antigens and the need to constantly enlarge the reagent panel. Phenotypic characters reflect only a tiny fi-action of the coding potential of the organism's genome [ 1 13 . Sensitive and reproducible molecular typing methods are necessary, not only for epidemiological and population genetic investigations, but also for vaccine-related studies [ 121. The population biology of N. meningitidis is complex and the rates at which meningococci diversify appear to vary considerably. Thus the choice of a typing method depends upon the question being addressed. The majority of questions relate to the nature of the strains causing meningococcal disease and their relationship to similar diseasecausing isolates obtained within a community, a country, or globally. Meningococcal typing is required to identify outbreaks associated with particular serogroups (as vaccines are serogroup-specific), to demonstrate epidemiological links between cases or between cases and carriers in an outbreak, to monitor the changing epidemiology of disease and to evaluate new vaccines. For molecular typing, three major macromolecules form the basis of discrimination, lipopolysaccharide and fatty acid, proteins or nucleic acid [ 131. The majority of molecular typing methods for h? meningitidis are either protein-or nucleic acid-based. Molecular typing methods can be highly reproducible and very accurate in determining relatedness of microbial strains and are applicable to all strains.
Definitions
Cloneone strain and its closely related variants, i.e., strains that are so similar that they are considered to be derived from a common parent. Microevolutionthe accumulation of genetic changes at one or a few loci in clonally related bacteria. Linkagethe tendency of loci in physical proximity to exhibit co-inheritance of their alleles. Linkage disequilibriumallelic association due to close linkage. Panmictic population structurethose populations in which frequent DNA recombination occurs between strains resulting in a non-clonal population structure. Epidemiologically related isolatesisolates cultured from patients, fomites or the environment for which there is a demonstrable link in time, place or contact. Such isolates may be derived from a common source. Outbreak strainsisolates of the same species that are both epidemiologically related (e.g., by time, place and common source of infection) and genetically related (i.e., have indistinguishable genotypes). Endemic strainsisolates that are obtained frequently from infected patients in a particular health care setting or community and which are indistinguishable or closely related to each other by typing methods, but for which no direct or epidemiological linkage can be demonstrated. Reproducibilitydetermined by the percentage of strains classified as the same type on repeated testing. Appropriate control strains must be used to ensure reproducibility of typing results.
Typabilitythe proportion of all existing strains that can be typed by a particular method. Simpson discrimination indexa method for determining the discriminatory ability of a typing method [ 141. It is a numerical index of discrimination based on the probability that two unrelated strains sampled from the test population will be placed into different typing groups. Genetic diversitymay be expressed as the mean allelic diversity over all loci. If the value approaches one it indicates a high degree of dissimilarity or heterogeneity within the population, whereas values closer to zero indicate a high degree of similarity or homogeneity.
Molecular typing methods
Traditional typing methods in clinical settings have been based on serogrouping (capsular polysaccharides), serotyping and subtyping (class 1, 2, and 3 OMPs) and sulphonamide resistance [ 151. These methods are limited in their usefulness because on a global basis serogroup and, to a lesser extent serotype, correlate poorly with genetic relatedness.
Since the early 1980s, the electrophoretic variation of cytoplasmic iso-enzymes (and less frequently OMPs) has been used to subdivide meningococci into distinct electrophoretic types (ETs) [16, 171. The use of multilocus enzyme electrophoresis (MLEE) permitted the differentiation of ETs and allowed improved discrimination between strains [ 16-1 81. While some ETs are highly distinct, other ETs that are marginally different have been grouped into 'clones'. Some clones have been repeatedly isolated over many decades from different continents while others have been isolated only rarely and from discrete locations. The versatility and advantages of molecular typing over phenotyping techniques were demonstrated when MLEE was applied to 500 strains of serogroup A meningococci isolated worldwide. The strains were subdivided into subgroups and each subgroup was associated with endemic or epidemic characteristics, or both [ 191. Serogroup A subgroup IV-I is endemic in the African meningitis belt, whereas a clone of subgroup I11 (clone 111-1) was responsible for the last pandemic [19, 20] . MLEE also demonstrated the pandemic spread of clone 111-1 from early in the 1980s to 1990 [20] and showed how meningococcal infection which began in Asia was carried to Mecca and then to countries throughout the African meningitis belt. Central to epidemiological surveillance of meningococcal infection and public health decisions is the ability to characterise accurately strains responsible for infection at a local level as well as to put them in a global context. None of the methods currently available can achieve this goal in a consistently satisfactory way, as individual methods demonstrate either micro-variations or macro-variations in the genome and not both.
Principles
The population genetics of N. meningitidis as a species is complex. Lineages vary in the rate at which genetic variation occurs. For serogroup A strains the rate of variation is low and the population structure is clonal, i.e., clones persist for long periods. The population structures of serogroups B and C are essentially nonclonal because recombination rates are high. It is noteworthy that serogroups B and C can have 'clones' due to the emergence and spread of transitory hyperendemic isolates that flourish at intervals, but which with time eventually become broken down by recombination [21]. As all genetic differences between individual bacterial cells are related to the primary sequence of their genomic DNA, the most direct method of identifying an individual isolate would be to determine this sequence for the whole genome. This is not currently feasible.
Molecular typing methods achieve discrimination in two different ways. For meningococci, highly variable regions of the genome or individual loci within the bacterial population can be identified and appropriate restriction enzymes or PCR primers chosen. Such typing methods include pulsed-field gel electrophoresis (PFGE), restriction endonuclease analysis (REA), ribotyping, gene-based methods and PCR-based methods. To a varying degree these methods are able to identify the micro-variation that is required to distinguish between strains circulating within a geographical location. In general they are not particularly suitable for long-term or global epidemiology.
The second approach is based on methods that index variations that accumulate very slowly and are likely to be selectively neutral. These methods are suitable for long-term and global epidemiology and include MLEE and multilocus sequence typing (MLST).
Methods that index rapidly evolving variations
A number of DNA-based typing techniques have been used to determine genetic relatedness among meningococcal isolates. These include genomic restriction endonuclease digestion, either with frequently cutting enzymes [22-251 or with rare-cutting enzymes as used in PFGE [ 1 1,221. Several modifications have permitted easy analysis of genomic restriction endonuclease digestion with frequently cutting enzymes and these include the use of 16s RNA probes, i.e., ribotyping [26], and probes for the piZA gene [27] and porA gene [28]. The latter two gene typing methods make use of the PCR. Specific primers are used to amplify these gene sequences and the products are subjected to restriction endonuclease analysis with different enzymes and the restriction endonuclease patterns obtained are compared. These techniques, which index rapidly evolving variations in the meningococcal genome, will be considered in turn to examine their utility and the epidemiological questions that can be answered.
Restriction endonuclease analysis
Restriction endonuclease analysis (REA) depends on cleavage of genomic DNA by endonucleases at the sites of specific sequences and separation of the resulting fragments by agarose or polyacrylamide gel electrophoresis. In principle, all isolates may be typed by REA. REA of genomic DNA with frequently cutting endonucleases has been used widely for comparison of strains from a large variety of species of microorganisms. Bjorvatn and colleagues [23] were the first to apply this technique to meningococci. They determined the genomic diversity of Scandinavian and African strains of meningococci [23,24]. Genomic DNA digested with frequently cutting endonucleases usually generates many DNA fragments and the resulting gel patterns are, therefore, difficult to analyse. Computer analysis is necessary to generate dendrograms that provide usefwl information on the similarity and inter-relationships between gel patterns, and therefore between isolates.
Jordens and Pennington examined 94 isolates of N. meningitidis by REA. Digestion of genomic DNA with BgZII, which gave patterns with c. 10 bands [26], subdivided them into 54 groups. When REA with Stul was compared with PFGE in the analysis of 34 isolates, there was 71% agreement in their results and REA showed a lower discriminatory power. With the frequently restricting enzyme Stul, not all fragments were resolved, as smaller fragments run off the end of the gel. Thus REA patterns did not reflect the complete genomes of the isolates [22]. REA is suitable for typing both the highly clonal serogroup A population [24] and less clonal serogroup C population [22].
PFGE
Genomic DNA can be digested by rare-cutter restriction endonucleases to generate a limited number (10-20) of high mol. wt restriction fragments. Whereas standard electrophoresis can only separate DNA molecules that are <20 kb, PFGE can separate DNA molecules as large as 200-3000 kb. During PFGE, both the orientation and the duration of the electric field (the pulsed field) are periodically changed. The change in the electric field allows large DNA fragments to become re-orientated so that they can begin to migrate through the agarose pores. The PFGE patterns generated are highly specific for strains from a variety of species and detect polymorphic variation throughout the genome of the organism. This allows specific strain characterisation and consequently accurate assessment of their significance in connection with disease outbreaks [ 11,22,29,30].
PFGE is a highly reproducible and discriminating tool that characterises organisms by their molecular genotypes [13,31-331. Bygraves and Maiden [30] used PFGE to subdivide serogroup A meningococcal MLEE electrophoretic types. PFGE has been used to characterise UK isolates of meningococci and demonstrated that there are two major clonal groups of group C meningococci which are prevalent in the UK and that some members of the larger clone have developed resistance to rifampicin [ PFGE generates simple genomic DNA restriction profiles without having to resort to probe hybridisation methods. It resolves DNA fragments >40 kb which are unresolved by conventional electrophoresis. PFGE can be used to construct genomic physical maps [35] and is highly discriminatory. Discrimination is based on sequence variations. However, like other electrophoretic methods, it is not known what each fragment represents, i.e., the genetic basis of differences in band patterns is not known. The rapid PFGE [36] method adds improved response time to an accurate typing method, which is of fundamental importance for epidemiological investigations and therapeutic interventions in meningococcal outbreak situations. PFGE is suitable for typing both highly clonal (serogroup A) and less clonal (serogroups B and C) populations of N. meningitidis. PFGE identifies the micro-variation that is required to distinguish between strains circulating within a geographical location.
Limitations of PFGE include the use of expensive enzymes and reagents, extended isolation and restriction procedures of genomic DNA within agarose, and the duration of the procedure (5-7 days) [22] . However, the use of new generation PFGE systems and the rapid PFGE procedure [36] have rendered it a simple method for subtyping micro-organisms. In comparative studies of the molecular subtyping of N. meningitidis serogroup B by serotyping and serosubtyping, MLEE, ribotyping, PCR-restriction fragment length polymorphism (RFLP) of the internally transcribed spacer region of the rRNA operon and PFGE, PFGE showed the best discriminatory ability [37] . It was less costly than ribotyping [ 131.
Gene-based methods
Ribotyping or ribosomal DNA RFLP is a method that probes restriction fragments of genomic DNA with cloned probes that contain all or part of the 16s and 23s rRNA genes. Patterns are easy to interpret because of a limited number of hybridised fragments, and the ribotypes are stable and reproducible after subculture of the same organism. Genes coding for rRNA are highly conserved and most bacteria have multiple ribosomal operons. Thus, probing permits inter-species and intraspecies discrimination [38, 39] .
In our own ribotyping studies meningococcal genomic DNA was isolated by a modified Pitcher's method [22, 26] . After restriction digest, electrophoresis and transfer of DNA fragments to nylon matrix, the membrane was probed with 32P-labelled ribosomal 16 + 23s rRNA from Escherichia coli [ 13,261.
Genomic DNA of 94 isolates of N meningitidis digested with BglII was ribotyped and the isolates were characterised into 13 groups, with the majority (61%) placed in only two groups [26] . The discriminating capacity of ribotyping was improved when meningococcal DNA was digested with CZaI, EcoRI and XhoI and ribotyping showed a greater discriminatory ability than MLEE for subtyping N meningitidis serogroup C [40] . In a comparison of five molecular typing methods for serogroup B strains, PFGE, MLEE and ribotyping showed 100% typability. However, Simpson's discrimination indices of diversity were lower for ribotyping at 98.8%, with MLEE 99.4% and PFGE 99.7% [37] . Nevertheless, ribotyping offers a good typing method; it is useful for long-term epidemiological studies with the employment of multiple restriction endonucleases providing additional discriminatory capacity. Ribotyping is a less costeffective method when compared with PFGE [ 131.
Other methods that employ cloned meningococcal fragments as probes have been described. Knight et al. [41] used a specific DNA probe (pUS210) which carried insert DNA (that is repeated in the meningococcal genome) to characterise serogroup B15/ 16 sulphonamide-resistant strains isolated in the UK between 1984 and 1989 that caused prolonged outbreaks in Gloucester and Plymouth. They concluded that the prolonged meningococcal disease in these two districts was due to a clonal population of virulent strains that were distinct from those obtained from elsewhere in the UK. Fox et al. [42] used a different probe (cloned fragment of an EcoRI digest from serogroup B 15/ 16 sulphonamide-resistant) to characterise strains from the same outbreaks and demonstrated that the isolates from Gloucester and Plymouth were genetically distinct, although by MLEE they were of the same ET type.
PCR-based methods
A number of PCR-based techniques have been used for non-culture-based subtyping of meningococci from clinical specimens. These methods are simpler, faster and need much less DNA for analysis than culturebased genotyping methods. Generally, a known sequence is amplified directly from clinical specimens, digested with restriction endonucleases, and the frag-ments of DNA are compared (PCR-RFLP). The ultimate purpose of PCR-based DNA fingerprinting research is the construction of DNA fingerprint databanks which can be accessed by different laboratories for comparison with the fingerprints obtained for unknown isolates. Several PCR methods which are based on amplification of all or parts of a gene have been used to identify and type N meningitidis (Table 1) . Multiple arbitrary amplicon profiling (MAAP) or amplification fragment length polymorphism (AFLP), a group of related methods that include arbitrarily primed PCR (AP-PCR), [43, 44] random amplification of polymorphic DNA (RAPD-PCR) [45] and direct amplification fingerprinting (DAF) [46] involve randomly amplified segments of the target DNA with a single primer which has no known homology to the target sequence.
Cell membrane, ribosomal operons, resistance determinants and repetitive elements have been targeted for PCR-RFLP subtyping of N meningitidis. PCR-RFLP of four cell membrane-associated genes has permitted identification or typing, or both, of N meningitidis. Sequences of the pili genes have been used to design primers based on major pili subunit Pi1 A. PCR primers in the piZA/piIB locus were used to obtain an amplicon that was digested with three different enzymes and analysed. PiZA is universally present as a stable gene in all meningococcal strains and contains hypervariable as well as conserved sequences. Thus the use of the piZA locus for PCR-restriction endonuclease patterns is advantageous [27, 47] . This method has the potential for both the identification and molecular typing of N. meningitidis [27, 47] . One of the authors (D.E.Y.) obtained spurious minor amplicons along with fragments of the expected size when the piZA/piIB primer pair was used to type meningococci. Sequence analysis of the sialyltransferase (siaD) genes of serogroup B and C meningococci [48] has permitted the design of PCR primers specific for serogroup B and C siuD genes. The siaD gene encodes a polysialyltransferase which is needed for the synthesis of capsular polysialic acid chains. The PCR assay has been adapted to an ELISA format. The serogroupspecific siaD PCR ELISA can be applied to non-culture diagnosis of meningococcal infection and outbreak investigations [49] . Vogel and colleagues [ 501 recently described a two-step siaD PCR which can distinguish between serogroup B, C, W135 and Y meningococci.
Meningococcal serosubtypes have been identified by porA gene PCR. Primers are designed to amplify porA, and the amplicon is labelled and hybridised to reference DNA samples immobilised in an ordered array on a membrane filter [28] . Nested porA PCR was used to amplify and sequence target DNAs from a single cfu of N meningitidis and from culture-negative cerebrospinal fluid (CSF) [Sl] . Again, a nested PCR amplification of porB from CSF with subsequent hybridisation of the PCR products permitted diagnosis and typing directly from CSF [52] .
Alterations within the meningococcal dhps gene confer sulphonamide resistance [53] . PCR primers based on sequence analysis of the dhps gene can be used for both detection [54] and typing [55] of meningococci. Detection rests on visualising an amplicon of desired size, and typing is achieved by HhaI amplification restriction endonuclease analysis (PCR-AREA).
PCR-ribotyping is another method for detecting and typing meningococci. Sequence analysis of bacterial ribosomal (r) DNA loci was used to design primer pairs which specifically detected N meningitidis [56] . An amplicon of 600 bp obtained from the 16s-23s internal transcribed spacer region of N meningitidis has been digested with AZuI to generate restriction fragments which permit molecular typing [57] .
Repetitive DNA sequences are universally present in eubacteria and have been applied to fingerprinting of bacterial genomes [58] . Repetitive element-based PCR (rep-PCR) was recently developed by Woods et aZ. [59] as a genotyping method for N meningitidis. Although rep-PCR is rapid and genome-based [59] , in the experience of one us (D.E.Y.), the method was less discriminatory than PFGE or MLEE. The insertion sequence IS1 106 present in the meningococcal genome [60] has also been used as a PCR target for specific and sensitive detection of N meningitidis DNA in CSF specimens [61] and in specimens of peripheral blood [62] . The IS1106-PCR has been adapted to a PCR ELISA format for the diagnosis of meningococcal infection [63, 64] .
PCR combined with single-strand conformation polymorphism (PCR-SSCP) has been used to demonstrate the identity or non-identity of meningococcal strains present in clinical specimens obtained from different patients [65] . PCR-SSCP is capable of detecting a single nucleotide substitution due to a resulting alteration in the conformation of single-stranded DNA under non-denaturing conditions. Altered conformation affects the migration velocity of ssDNA, which is detected as a shift or the presence of new bands in a non-denaturing gel.
MAAP methods have a common strategy involving the PCR amplification of random genomic DNA fragments with single [43] or multiple [44] arbitrary primers. A characteristic pattern of amplification products is obtained with each primer and is visualised by ethidium bromide staining, silver staining or radionuclide incorporation. Of the MAAP methods, RAPD has proved to be an easy and most informative DNA-based method of typing bacteria. The technique is increasing in popularity because of its ability to detect polymorphism rapidly at a number of different loci with nanogram quantities of genomic DNA, and no genomic sequence or organism information is required. RAPD is capable of detecting single nucleotide insertions or deletions or substitutions. However, the use of internal controls and a high level of standardisation is necessary if RAPD results are to be reproducible [66].
Woods et al. [67] used RAPD to analyse disease and carrier strains of N meningitidis isolated during a university outbreak in Connecticut. They concluded that RAPD was a sensitive and efficient method to determine genetic relatedness of the meningococcal strains and to facilitate epidemiological, clinical and population genetic studies. Bart and co-workers [68] have also shown that RAPD genotyping of serogroup A meningococci gave results comparable to those of MLEE and that RAPD results could be linked to previously characterised genotypes.
Methods that index very slowly accumulating variations

MLEE
MLEE is a typing method that determines the mobilities of a selection of constitutive metabolic enzymes in a starch gel or polyacrylamide gel matrix. Variations in the mobility of a constitutive enzyme for different strains of the same species under these conditions can be attributed to isozymes or allozymes. Changes in the mobility of enzymes are caused by charge differences due to amino acid substitutions in the polypeptide sequence. However, because its genetic basis is well understood, MLEE has been used widely over many years to determine genetic variation quantitatively [18] . MLEE only indexes the genotype indirectly. Each electrophoretic variant is assigned a number score and each unique combination of scores is called the electrophoretic type (ET).
In bacterial population genetics, natural populations are investigated extensively to understand their basic structures and evolution. MLEE and comparative nucleotide sequence analysis are two important methods for studying bacterial population genetics, and have shown that many species of pathogenic bacteria (e.g., salmonellae) are basically clonal, whereas other species (e.g., N. gonorrhoeae) are panmictic (show free recombination) [69] . It is unlikely that any bacterial species is exclusively clonal or panmictic and there is probably a spectrum of population structures between these two extremes.
MLEE was used to study the population genetics and epidemiology of 107 UK N meningitidis isolates from carriers and clinical cases. They could be placed in 88 ETs. The genetic diversity of the population was estimated as 0.700, with serogroup B showing a higher (0.707) degree of diversity than serogroup C isolates (0.605) [70] . Certain strains within serogroups B and C appear to diversify more slowly than others and give rise to the hyper-endemic transient clones [71] . There was no relationship between the 88 ETs found among the 107 UK isolates and carriage or infection. Some ETs were isolated from both carriers and clinical cases, indicating that host rather than bacterial factors determined progression to disease [70] . 
Multilocus sequence typing (MLST)
Multilocus sequence typing extends the MLEE approach. It is based on direct sequencing of c. 470-bp PCR products of six housekeeping genes. By assigning arbitrary numbers for alleles on each locus, dendrograms can be constructed from the painvise differences in multilocus allelic profiles by cluster analysis.
Strain associations shown by MLST were consistent with clonal groups previously established by MLEE [72] . MLEE detects only those alleles with differences in coding sequences that lead to electrophoretic mobility changes, whereas with MLST direct assignment of alleles is based on nucleotide sequence differences. Thus the latter distinguishes more alleles per locus, permitting a higher level of discrimination between isolates.
Another advantage of MLST is that, unlike most restriction endonuclease methods, it permits comparison of results from different laboratories without the need to exchange strains or to take variations in electrophoretic techniques into account. Therefore, it is well suited to the construction of global databanks which can be accessed by different laboratories for comparison of results. Meningococci can now be assigned to global clonal groups in an ever-expanding central database [50, 72] . Although MLST could well become the 'gold standard' method for study of the long-term evolution and global epidemiology of meningococci, it is insensitive to micro-evolution. Thus, typing methods such as PFGE that are very sensitive to micro-evolution will continue to be used to reveal minor differences between related strains [73] .
Non-culture-based diagnosis of N. meningitidis in clinical specimens
Because of the often rapid and dramatic development of systemic meningococcal disease, it is recommended that antibiotic treatment begins as soon as a clinical diagnosis is suspected and before laboratory tests are initiated. This results in a significant lowering of the proportion of suspected systemic cases confirmed by culture. Lumbar puncture is also being done less frequentlyit is not a risk-free procedure.
Several PCR-based methods have been described for the detection of meningococcal DNA in clinical specimens (see references in Table 1 ). The siaD PCR has been used in several meningococcal outbreak investigations recently in the UK. When adapted to an ELISA format incorporating hybridisation with serogroup-specific B and C oligonucleotide probes, the specificity for CSF was 100% and sensitivities were 81% for CSF, 63% for whole blood and 30% for serum [49] . The development of a two-step version of siaD PCR [50] able to distinguish between serogroup B, C, W135 and Y meningococci will enhance the utility of this method for the detection of meningococci in clinical specimens. Mammen et al. [74] have also reported confirmation of meningococcal infection with a diagnostic nested PCR for porA in urine. An evaluation in England of PCR-based methods which detected ISIIO6 [60, 61] , class 2/3 OMPs (porB [50] ) and siaD genes [49] for diagnosis of meningococcal infections gave a 20% increase in laboratory-ascer-tained infection [64] . Variable regions within porB encode the class 2 and class 3 proteins and several probes based on these variable regions have been used to identify all the major meningococcal serotypes. The nested PCR amplification of porB from CSF with subsequent hybridisation of the PCR products permits both diagnosis and typing information to be obtained directly from the CSF sample. The epidemiological information on individual variable region genotypes given by this method may aid in the selection of strains for vaccine development and in the analysis of culturenegative suspected cases [52] . Other methods such as porB PCR-ELISA [75] and variable region 1 of porA (PCR-SSCP) [65] have been applied to meningococcal diagnosis in clinical specimens. The application of these PCR-based methods will provide rapid diagnosis, may be important for disease surveillance in culhuenegative specimens, will improve case ascertainment and confirm sources of active transmission [62] . Such tests need further evaluation.
Sequence analysis
DNA sequencing remains the most sensitive method of detecting polymorphism within a gene. Full genome sequences can be used to identify previously unrecognised elements as possible targets for epidemiological studies, such as novel transposons, insertion elements and repetitive DNA. Comparison of genome sequences as a way of typing is not currently feasible in most laboratories. Sequencing methods need to be simplified and automated and then appropriate genomic targets of interest must be identified and their sequence variability determined. This constitutes an enormous task that requires national and international collaborations. However, as discussed above, MLST offers a feasible approach to selective sequence analysis as a method for characterising meningococci.
With the completion of genome sequence programmes, DNA-chip-based detection systems based on them will provide novel typing strategies [76] that may be useful in the diagnosis and typing of I t meningitidis.
Sequence analysis of the 16s rRNA from different species has proved a useful and rapid discriminatory tool both among and within genera. It has been used to study bacterial evolution [77] and phylogenetic relationships among some members of the genera Neisseria, Acinetobacter, Moraxella and Kingella [78] , The clonal relationship of recent UK isolates of serogroup C meningococci was determined [22, 34] and 12 PFGE and 11 StuI REA clonal groups were identified. The 11 StuI REA clonal groups were further analysed by sequencing their 16s rRNA gene: 750 bp from the 5' end of the 16s rRNA gene for a representative strain from each of the 11 StuI REA clones were sequenced and the results were compared with those of the StuI REA to further assess the genetic relatedness of the UK serogroup C isolates. All sequences from the same StuI REA clone were identical. There were differences within the 16s rRNA gene of N. meningitidis, which suggests that mutations within the gene have occurred as the organisms have evolved. A comparison between REA and 16s sequencing showed that sequence differences occurred between clones and not within clones, suggesting that a degree of clonality exists within the population structure of serogroup C N. meningitidis [79] .
Conclusions
The population structure of N. meningitidis is complex, with the rate of its diversification varying considerably. Serogroup A strains diversify slowly with their clonal population structure persisting for long periods. Thus for serogroup A strains, ribotyping, PFGE, RAPD or MLEE can each provide a consistent measure of the relationships between strains. However, for serogroups B and C meningococci, which diversify relatively rapidly, PFGE, ribotyping, RAPD, MLEE and other PCR-based methods can be applied in localised outbreaks. Quantitative methods (e.g., MLEE and MLST) are necessary if an evaluation of long-term or global epidemiology of meningococci is required.
A range of molecular typing techniques is available to assist investigations into meningococcal epidemiology. They vary in utility for determining genetic relatedness among strains. Currently, molecular typing of N. meningitidis remains in a state of flux. We prefer those methods for which the genetic basis is fully understood. As new methods are developed, we believe that they should be based on strategies that permit direct or indirect comparison with sequence information. With the completion of N. meningitidis genome sequencing programmes, DNA-chip-based detection systems based on the sequence information will provide such typing strategies.
In the meantime, PCR-based methods used for the detection and typing of meningococcal DNA from clinical specimens show good potential. PFGE and other PCR-based methods are useful for identifying micro-variations necessary to distinguish between strains circulating within a geographical location. MLST may well become the standard method for studying bacterial populations, examining their evolutionary genetics and long-term or global epidemiology.
